By simple examples it is shown how fine structures in rotational spectra of free molecules can be used to analyse nuclear quadrupole coupling. It is demonstrated that microwave Fourier transform spectroscopy is an adequate tool for these studies. Examples for different nuclei illustrate the present possibilities.
Introduction
The objects studied by microwave (MW) spectroscopy are free dipolar molecules or molecular aggregates in a gaseous sample [1] , Typically, the pressure is 1 mTorr (0.13 Pa), the mean free path between collisions 1 cm, and the period between collisions 30 ps. That means that a molecule rotates typically 3 • 10 5 times between collisions.
In the following I will illustrate the problems by the most simple examples.
In MW spectroscopy, electric dipole transitions are observed between rotational energy levels. For linear molecules like carbonylsulfide, 16 0 12 C 32 S, the rotational Hamiltonian H R is most simple:
Here the rotational constant is with / being the moment of inertia and P 2 the squared angular momentum operator [2] , the molecule being assumed to be rigid. The energy eigenvalues of (1) with the angular momentum quantum number J = 0,1, 2, Figure 1 shows a part of a level diagram and the corresponding spectrum. For symmetric top molecules like methyl chloride, CH 3 C1, or asymmetric tops like sulfur dichloride, SC1 2 , the Hamiltonians and energy eigenvalue expressions are more complicated [3, 4] .
The analysis of rotational spectra {vj without additional effects leads to structural information, e.g. bond lengths and bond angles:
( t , j bond lengths bond angles.
The difficulty arising from the fact that a spectrum of a linear molecule provides only one rotational constant is overcome by the investigation of a sufficient number of isotopomers [5] . The structure is assumed to be unchanged. For nonlinear symmetric and asymmetric top molecules the situation is similar. The procedure of structure determination is analogous. MW spectroscopy is still an interesting field as additional effects modify the spectra. These modifications are observable due to the high sensitivity, resolution and precision of modern spectrometers.
Nuclear Quadrupole Coupling
One of these effects is nuclear quadrupole coupling [6] . Here the angular momentum of a nucleus is coupled to the molecular rotation by an electric quadrupole moment of the nucleus and a nonspherical electric field distribution, the electric field gradient at the 0932-0784 / 92 / 0100-0342 $ 01.30/0. -Please order a reprint rather than making your own copy.
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3? A site of the nucleus, produced by the molecular charges outside the nucleus.
The rotational Hamiltonian and the energy eigenvalues change to and 
For symmetric top molecules the analysis is similar. If a molecule contains more than one quadrupole nucleus the spectra and their analysis are more complicated [10, 11] . The Hamiltonian must be extended to
With an analysis we reached in Kiel n = 3 [12] with HN 3 via the analysis of H 15 NNN and HNN 15 N, and the same way for CH 3 N 3 [13] . The spectra are very complicated and higher resolution is desirable. The assignment will stay a problem in those cases.
Magnetic Spin-Rotation Coupling
If the MW spectra are measured with very high resolution, which will be shown below, an additional coupling between a nucleus and the molecular frame can be observed. Here the nuclear magnetic dipole moment interacts with the magnetic field produced by the rotating charge cloud of the molecule. The effects are small but noticeable.
The interaction Hamiltonian is [14] with #SR = -A * H fii = 0i ß\T- Here /i, is the magnetic dipole operator of the nucleus considered, g } its gyromagnetic ratio, /?, the nuclear magneton, / the nuclear spin operator and H the magnetic field produced at the position of the nucleus by the rotating charge cloud of the molecule.
For example some nuclear magnetic dipole moments in units of the nuclear magneton 
rel. Int. (25) MHz. Spin-rotation coupling is small but noticeable.
The influence of the spin-rotation interaction is illustrated in Fig. 3 for a rotational energy level of a molecule without and with nuclear quadrupole hyperfine structure (nqhfs).
The considerations given so far indicate that especially in the case of multiple interactions a complicated theory has to be applied with great care to analyse the spectra. All approximations must be checked. Often large Hamiltonian matrices must be diagonalized.
The analysis of the spectra may be further complicated by internal rotation, inversion, vibration and centrifugal distortion effects.
Consequences for the Experiments
With MW spectroscopy, especially Stark modulated spectroscopy [19, 20] , since 1945 a large number of molecular spectra have been investigated [21] . Many coupling constants, especially of "strong" coupling nuclei like Cl, Br, and I but less of weak or intermediate coupling nuclei like D, B or N, were determined.
With the advent of MW Fourier transform (FT) spectroscopy the experimental situation improved further. The sensitivity increased roughly by a factor of ten, the resolution in two steps with different setups roughly by a factor of hundred.
In Figs. 4 and 5, I give schematic diagrams of a waveguide MWFT spectrometer and of a pulsed beam MWFT spectrometer. Both developments were initiated by the late W. H. Flygare, Urbana, 111. [22, 23] . Our laboratory followed with an improved waveguide MWFT spectrometer [24] shortly later. The beam instrument was recently improved in our laboratory for a scanning version [25] and a version with increased resolution [26] . For details of our spectrometers see [24, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] ,
In the waveguide MWFT instrument a strong MW pulse between 50 to 2000 ns is produced, 1. The MW carrier frequency is phase stabilized and would have a cw-power of 1 -20 watts. The MW pulse polarises the molecular ensemble in the sample cell, 2. The response of the molecules, the transient emission, is superheterodyne detected, 3, and converted to a frequency band centered at 30 MHz. The transformed transient emission is digitized with 10 ns interval for 1024 to 4096 data points, averaged up to 10 8 times and Fourier transformed, 4.
We reach an experiment repetition rate of 75 kHz when measuring 1024 data points [40] . Without the time for MW pulse application and damping the reflected MW pulse, the total time is used for measuring. The crucial instrument, a transient recorder, is not yet commercially available with sufficient specifications.
In the beam instrument (Fig. 5 ) a MW-pulse is formed, 1, and applied to a molecular "cloud" of a supersonic pulsed beam, 2, in a Fabry Perot cavity. A high Q cavity increases the MW power density in the sample space. The transient emission signal is superheterodyne detected, down converted, 3, digitized and averaged, 4.
As the pumping speed is limited by a reasonable size of the vacuum pumps, a repetition rate of 30 Hz is possible. This rate may be increased by applying several MW pulses during the same beam shot [45] . Usually 1 to 1000 repetitions are sufficient.
In both instruments all frequencies and trigger pulse trains must be referenced to a master frequency to allow averaging.
The reason for the increased sensitivity is, that waveguide MWFT "scans" a certain spectral region simultaneously (Felgett advantage) using all the time for measuring except the time necessary for polarizing the molecular ensemble. For molecules with small dipole moments (/1 < 0.3 Debye), the Stark modulation is difficult to apply, especially for high J transitions. MWFT spectroscopy can produce spectra by long polarizing MW pulses. The molecules methane, CH 4 , [46, 47] , germane, GeH 4 , [48, 49] , propane, (CH 3 ) 2 CH 2 , [50] , and borontrifluoride, n BF 3 , [51, 52] , may be mentiond here, as is demonstrated in Fig. 6 for n BF 3 .
The resolution in waveguide MWFT spectroscopy is increased as the method has no modulation broadening (usually 30 or 100 kHz in Stark spectroscopy), no saturation broadening and inferior pressure broadening. It proved that it is favourable to reduce the sample pressure to 1 mTorr (0.133 Pa) or less, whereas in Stark spectroscopy 10 mTorr or more is usual.
So Doppler broadening, wall collision broadening, and residual pressure broadening often determine the line width, as is demonstrated in Figure 7 . For beam MWFT spectroscopy the situation is slightly different. The main contribution to the increased sensitivity is the dramatic increase of the difference AN in occupation numbers of the involved levels by cooling to approximately 5 K. The Felgett advantage is inferior as the instrument is band limited by the use of the MW cavity. For molecules with low dipole moment the polarization is easier by low power MW sources as the high <2-value of the cavity increases the MW field strength. A disadvantage is that the repetition rate is low (30 Hz) and limited by the vacuum pump capacity.
The resolution is improved as no modulation, power and collision broadening occurs. The Doppler broadening is decreased but not completely eliminated. The transit time broadening contributes here. The broadening effects are not yet clearly understood. In Fig. 8 I give an example of the line width we reached with a beam coaxial to the cavity symmetry axis.
The determination of the transition frequency has to be made with great care because of serious overlapping effects [53, 54] , For a more detailed description of MWFT spectroscopy see [55, 56] .
Experimental Results
In the following I give a selection of results for quadrupole coupling tensors. The values are in general by a factor ten more precise than those obtained by MW Stark spectroscopy. The increased sensitivity, resolution and precision of frequency determination is an important prerequisite. In Table 1 , results mainly for boron n B, with nuclear spin 7 = 3/2 are given. For the first molecules the axes of the inertia and coupling tensor coincide. For BF 2 OH with a plane of symmetry only the c inertia axis coincides with the y coupling tensor axis. By isotopic substitution and the resulting rotation of the molecule in the inertia axis system the principal coupling tensor axes can be calculated [57] . Table 2 gives results for molecules containing iodine, I, with a nuclear spin 7 = 5/2, and some other quadrupole nuclei like nitrogen, 14 N, and deuterium, D. Iodine is a strongly coupling nucleus. Fig. 8 . 100 kHz section out of the recording of the i= 1-0 transition of carbonyl sulfide, 0 13 C 34 S, in natural abundance with 13 C spin-rotation hyperfine structure. Each line is split due to the Doppler effect by 45 kHz, the line width is 1 kHz (HWHH). Recording conditions: 100 ns sample interval, 8 K data points, extended with 24 k zeros prior to Fourier transformation, 1000 experiment cycles, 6 Hz experiment repetition rate [26] ,
In these measurements the precision of the frequency determination was important. Spin-rotation coupling had to be included in the analysis. As for I, off-diagonal elements g + g', result from a precise analysis, the principal axis coupling tensor elements can be calculated easily by diagonalising the tensor.
The results for isopropyl iodide, CH 3 CHICH 3 , [68, 69] have not been included.
One observes a substantial change in the coupling constants. To my knowledge quantum chemistry is far from reproducing the experimental values.
In Table 3 I illustrate a quite different case, the coupling of deuterium, D, with nuclear spin 1. Here the coupling is extremely low. Only very few molecules [21] have been investigated before the advent of MWFT spectroscopy. Now the field is open especially with molecular beam MWFT spectroscopy.
For the first molecules in Table 3 the inertia and coupling tensor axes coincide. For these acetylenes the variation of Xzz quite small. For the following molecules, all containing a plane of symmetry, the determination of the principal coupling tensor elements is only possible by isotopic substitution [57] or by special assumptions, like a cylindersymmetric bond. Presently it is hopeless to determine off-diagonal elements of the coupling tensor. Resolution and precision are not adequate. But in the case of deuterium, Huber was successful to help by quantum chemical calculations with specially adapted basis sets describing the surroundings of D sufficiently [70], Table 4 concludes the selection of examples with nitrogen compounds. Some nitrogen compounds were already given in the preceding tables. In those cases, spectra with multiple quadrupole coupling had to be analysed.
I chose isonitriles as example, as these generally ask for a high resolution. The first four molecules in Table 4 have coinciding inertia and coupling tensor axes. The remaining ones have a plane of symmetry. So only tensor components along an axis perpendic- Interesting in the selection of Table 4 is the rather high value of i zz of C 14 NC 15 N. We have investigated many molecules with nitrogen in different bond situations, like -CN, =N--NH 2 , -N=0, -N0 2 , -NCO, -NCS, -0-N=0, -NNN. Also the hfs of many heterocyclic ring compounds were analysed.
I think it was proved that MWFT spectroscopy revived the field of nuclear quadrupole coupling in molecular rotation spectra. Many problems are left to solve and many molecules wait for detailed investigation.
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